Background: Understanding the effect size, variability, and underlying physiology of the dawn phenomenon is important for next-generation closed-loop control algorithms for type 1 diabetes (T1D). Subjects and Methods: We used an iterative protocol design to study 16 subjects with T1D on individualized insulin pump therapy for two successive nights. Endogenous glucose production (EGP) rates at 3 a.m. and 7 a.m. were measured with [6,6-
Introduction
G lucose variability, both nocturnal and diurnal, is part of daily living in individuals with type 1 diabetes (T1D). Diurnal glucose variability is primarily related to meals and physical activity. Nocturnal glucose variability has been attributed in part to the putative ''dawn'' phenomenon, a term that was first coined more than 30 years ago to describe the rise in blood glucose concentrations in the early morning in patients with T1D treated with dinnertime dosages of ultralente, semilente, or NPH insulin. 1, 2 This phenomenon has been subsequently described in type 2 diabetes [3] [4] [5] and, indirectly, in healthy controls. 6, 7 Its pathophysiological basis has been attributed variously to changes in plasma cortisol 1 or growth hormone 8 concentrations, duration of action of dinnertime insulin injections, 1,2,9,10 or, most likely, a combination of the two. Quantification of the effect size of the dawn phenomenon in T1D has demonstrated that the rise in glucose concentrations is approximately 15-25 mg/dL (0.8-1.4 mmol/mol), although recent reports have suggested mitigation of this effect with increasing use of long-acting insulin analogs. 9, 10 Although increases in rates of endogenous glucose production (EGP) in the morning have been implicated in the cause of fasting hyperglycemia in type 2 diabetes and prediabetes, [11] [12] [13] [14] investigations related to nocturnal glucose turnover using state-of-the-art methods in T1D have, to the best of our knowledge, not been undertaken. Furthermore, in the era of modern diabetes technology, including in T1D patients using insulin pumps (continuous subcutaneous insulin infusion [CSII] ), further studies are necessary to determine the effect size, the pathophysiological basis, and the night-to-night variability of the ''dawn'' phenomenon not only to help manage the population of T1D patients on open-loop CSII therapy, but also to better inform closed-loop control algorithms that are currently being developed and refined to treat patients with T1D. This is especially critical because current best strategies for management confirm unacceptable overnight glucose control with nocturnal hypoglycemia rates ranging from 6% to 10%. 15 Therefore, we designed an iterative series of experiments to determine nocturnal glucose metabolism during two successive nights using isotope dilution techniques. Each individual subject was permitted to maintain his or her customary overnight basal insulin pump infusion rate during both nights. The study design of two successive nights permitted assessment of the degree of consistency of nocturnal glucose metabolism in T1D. Furthermore, in order to assess differences, if any, in glucose turnover possibly due to glucose tracer recycling (i.e., tracer uptake into glycogen followed by reappearance into glucose via glycogenolysis) that can result during prolonged tracer infusion in the postabsorptive state, we used a dual tracer approach to estimate overnight glucose fluxes in a subcohort of subjects.
Subjects and Methods
After approval from the Mayo Institutional Review Board, subjects with T1D signed informed consent to participate in the study.
Participants
Screen visit. Subjects reported in the morning after an overnight fast to the Clinical Research Unit (CRU) of the Mayo Center for Translational Science Activities for a history, physical examination, screening laboratory tests, standard urinalysis, and resting electrocardiogram. CSII data were downloaded and discussed with the subjects. All women of childbearing potential had a negative pregnancy test within 24 h of the study visit. A dietary history was taken to ensure adherence to a weightmaintaining diet consisting of at least 200 g of carbohydrates/ day and that diet met American Diabetes Association guidelines for protein, fat, and carbohydrates. Body composition was measured using dual-energy X-ray absorptiometry.
Day 1-Night 1. Subjects meeting inclusion criteria were admitted to the CRU at approximately 4 p.m. A point-of-care urine pregnancy test was performed where appropriate to ensure that the test was negative before proceeding any further. Subjects were then provided a standard 10 kcal/kg meal (55% carbohydrate, 15% protein, and 30% fat) consumed between 5 and 5:30 p.m. Bolus insulin was administered at the start of the meal as per each individual subject's insulin:carbohydrate ratio. No additional food was given until the next morning unless hypoglycemia occurred. Intravenous cannulas were inserted into both forearms at 8 p.m. for tracer infusion and periodic blood draws.
At 12 a.m., an adjusted primed continuous infusion of [6, H 2 ]glucose was started. In the course of the experiment after completion of approximately half the total intended number of study subjects, glucose tracer recycling confounding glucose turnover calculations was strongly suspected based on physiologically implausible EGP measurements at 7 a.m. using [6, Day 3. After completion of the last blood draw, all cannulas were removed, and the subjects were provided breakfast along with their customary prandial insulin bolus and discharged from the CRU.
Analytical techniques
Hormone analyses. C-peptide assay was performed on the Cobas e411 (Roche Diagnostics, Indianapolis, IN). This is a two-site immunometric assay using electrochemiluminescence detection. Insulin was measured with a two-site immunoenzymatic assay performed on the DxI automated system (Beckman Instruments, Chaska, MN). Glucagon was measured by a direct, double-antibody radioimmunoassay (Linco Research, St. Charles, MO). Catecholamines were measured by reversed-phase highperformance liquid chromatography with electrochemical detection after extraction with activated alumina. Cortisol was measured with a competitive binding immunoenzymatic assay on the DxI automated immunoassay system. Human growth hormone was measured with a two-site immunoenzymatic assay performed on the DxI automated system.
Glucose tracers. Plasma samples were placed on ice, centrifuged at 4°C, separated, and stored at -80°C until assay. Plasma glucose concentration was measured by a glucose oxidase method (YSI, Inc., Yellow Springs, OH). Plasma H]glucose specific activity was measured by liquid scintillation counting. Plasma enrichment of [6, H 2 ]glucose was measured using gas chromatography-mass spectrometry (Thermoquest, San Jose, CA). 16 
Calculations
Rates of EGP were estimated at 3 a.m. and at 7 a.m. with [6,6- 
Statistical methods
Continuous variables are presented as mean (SD) values, and categorical variables are given as frequency (%). Longitudinal summary statistics 18 were used to describe the changes in glucose, insulin, glucagon, and cortisol concentrations from 12 a.m. to 7 a.m. Linear trajectories were fit to each subject's serial observations in order to estimate the slope (or rate of change per hour). A one-sample t test was used to test if the slopes were equal to zero for each day, and a paired test was used to assess if the mean slopes were different between the two nights.
To further explore the changes in the measures, mixed models with random subject effect were used to assess the mean difference between the nights and between 3 a.m. and 7 a.m. for concentrations of hormones and glucose, as well as non-steady-state EGP using [6,6- The effects of possible tracer recycling were also examined by comparing the estimated EGP using the first infused tracer ([6,6-2 H 2 ]glucose) at 7 a.m. with the second infused tracer ( H]glucose) at 7 a.m. for the subjects to whom both tracers were administered. Although some variation in estimates would be expected (random variation), bias was detected with the estimates from the first estimates. As such, comparisons of the rise in EGP from 3 a.m. to 7 a.m. are based on all available data obtained at 3 a.m. versus only those participants with the second tracer at 7 a.m. using a mixed model. This approach was essentially a generalized paired t test that allowed for subjects with missing 7 a.m. data to be used to estimate the 3 a.m. EGP measurements.
Statistical analyses were conducted using the SAS System (version 9.4; SAS Institute, Cary, NC). P values of < 0.05 were taken as statistically significant. No correction for multiple testing has been applied to reported P values.
Results
Sixteen (eight males) subjects with T1D completed the study. The mean (SD) age and body mass index of the study population was 44.9 (12.5) years and 28.6 (5.5) kg/m 2 , respectively. During the screen visit, the mean fasting blood glucose concentration was 9.8 (3.4) mM, hemoglobin A1c was 7.6% (0.7%) [60 (7.7) mmol/mol], percentage body fat was 34.9% (8.6%), and duration of diabetes was 27 (12.3) years. Subjects did not have any micro-or macrovascular complications apart from stable background retinopathy.
Overnight changes in glucose and hormone concentrations
The serial plasma concentrations of glucose, insulin, glucagon, and cortisol are presented in Figure 1A and summarized in Table 1 . As illustrated, glucose values rose throughout the night on both nights; however, the mean rise on Night 1 (0.4 mM/h) reached statistical significance (P = 0.02), and the rise on Night 2 did not (0.3 mM/h) (P = 0.06). There were no statistical differences in these slopes between nights (P = 0.4). Insulin levels decreased during Night 1 ( -0.5 pM/h; P = 0.02) and to a lesser extent during Night 2 ( -0.3 pM/h; P = 0.06). Although changes in glucagon concentrations within a given night were not found to be statistically significant, the difference in slopes between nights was found to be statistically significant (P = 0.04). Cortisol levels were observed to rise during both nights with no statistical differences in the slopes (P = 0.5).
Growth hormone, dopamine, epinephrine, and norepinephrine concentrations
The serial plasma concentrations of growth hormone, dopamine, epinephrine, and norepinephrine are presented in Figure 1B . As illustrated, the nocturnal profiles or slopes of growth hormone, dopamine, epinephrine, and norepinephrine concentrations did not vary during both nights or between the two nights.
Tracer-tracee ratio
Despite a constant and identical infusion rate of [6, H 2 ]glucose that was started at 12 a.m. at both nights, plasma enrichment of [6, H 2 ]glucose tended to be higher at 7 a.m. than at 3 a.m. during both nights (Fig. 2, top panel) , suggesting continuing recycling of [6, H 2 ]glucose into glycogen and back to glucose as the duration of fast increased. In contrast, the specific activity of [6- 3 H]glucose in plasma was relatively unchanging after the infusion was started at 4 a.m.
EGP
The study design was modified to include a second tracer ([6- (Fig. 2, bottom panel) H 2 ]glucosedetermined EGP between 3 a.m. and 7 a.m. in Night 1 (P = 0.8), rates of EGP fell during Night 2 (P < 0.02), despite increases in plasma glucose concentrations throughout both nights. The rate of EGP at 7 a.m. measured using H]glucose for Night 1 was 33.9 (11.2) lmol/kg/min, and that for Night 2 was 21.2 (8.0) lmol/kg/min. On both nights, we observed a rise in the rates of EGP from 3 a.m. to 7 a.m. (P = 0.011 and P < 0.001 for Nights 1 and 2, respectively); however, the rise observed on Night 1 was statistically greater than that observed on Night 2 (P = 0.029).
Discussion
Applying state-of-the-art techniques, we have described the temporal profiles of nocturnal glucose kinetics and hormonal concentrations from midnight to 7 a.m. in a cohort of individuals with moderately controlled T1D on CSII therapy. Our observations include the following: (a) the rise in plasma glucose concentrations occurs continuously from 12 a.m. to 7 a.m.; (b) the pattern and extent of the rise in glucose from 12 a.m. to 7 a.m. were congruent on both consecutive nights; (c) there was a rise in plasma cortisol concentrations during both nights, whereas temporal patterns of insulin, glucagon, and growth hormone concentrations were inconsistent; and (d) the data suggest the presence of tracer recycling overnight, which confounded interpretation of EGP at 7 a.m. calculated by the longerduration [6,6-2 H 2 ]glucose infusion. The impact of the duration of tracer infusion on isotope recycling with consequent errors in measurements of glucose turnover has been extensively described. The concept of glucose isotope cycling lies on the premise that glycogen [6- synthesis from glucose and glycogen breakdown into glucose are simultaneously occurring phenomena in humans. [19] [20] [21] Glucose cycling (i.e., cycling between glucose and glucose-6-phosphate [also termed futile cycling]) occurs in humans both in the fasted state and during hyperglycemia 22 and is increased in type 2 diabetes 23, 24 but not in T1D either at euglycemia or at hyperglycemia. 25 However, the latter study did not measure nocturnal rates of EGP and infused several glucose tracers simultaneously for a 2-h infusion period only, before estimation of glucose turnover. The discrepancies in the rates of EGP between the tracers used were attributed to glucose-fructose cycling and to tracer impurities. Furthermore, the glucagon concentrations achieved in this report were severalfold higher than that achieved in the current study, although part of the differences could be because of changes in glucagon assay methodology over the years.
The relative contributions of glycogen synthesis and breakdown to glucose cycling depend on the prevailing insulin, glucagon, and glucose concentrations, the degree of hepatic insulin resistance, 23, 24 whether studies are performed in the fed 26 or fasted conditions, [19] [20] [21] [22] and the durations of postabsorptive or postprandial conditions. Both carbon-and hydrogen-labeled isotopes of glucose can be recycled by incorporation into glycogen through glycogen synthesis with subsequent release via glycogenolysis into glucose. Although glycogen synthesis could occur through both direct (from circulating glucose) and indirect (from circulating pyruvate through gluconeogenesis) pathways, it is noteworthy that only carbon-labeled glucose can potentially recycle via the indirect pathway. 27 In an elegant series of experiments in overnight fasted healthy subjects when plasma glucose concentrations were unchanged at approximately 5.5 mM, Tigas et al. 28 concluded that in the postabsorptive stage, both carbon-and hydrogen-labeled glucose tracers resulted in comparable estimates of EGP, with longer duration of tracer infusions resulting in lower estimates of EGP, as is observed in our current study.
In our study both glucose isotopes used were hydrogenlabeled in the carbon-6 position. Hence it is unlikely that isotopic discrimination between these two isotopes could have confounded our results. Furthermore, plasma glucose concentrations rose gradually throughout both nights, and glucose concentrations were higher at 7 a.m. than at 3 a.m. Because EGP is the only source of glucose that could result in the observed rise in nocturnal plasma glucose concentrations, it seems logical that the unchanging rates of [6,6-2 H 2 ]glucose-determined EGP calculated in Night 1 and the decreasing rates of EGP in Night 2 are erroneous by underestimating rates of EGP at 7 a.m. likely due to glucose recycling, with the contribution of recycling increasing as the duration of fasting progressively increased overnight. On the other hand, rates of EGP at 7 a.m. calculated by the shorter-duration (3-h) infusion of [6- 3 H]glucose were higher than the rates of EGP calculated at the same time with the longer-duration (7-h) infusion of [6,6-2 H 2 ]glucose, thereby strengthening the biological plausibility of accuracy of EGP rates at 7 a.m. measured by [6- 3 H]glucose. Additionally, the rise in enrichment of [6,6- 2 H 2 ]glucose during both nights provides further proof of tracer recycling. Because [6,6-2 H 2 ]glucose (tracer) infusion rates were identical and constant throughout both nights, a rising tracer-tracee ratio in the presence of a steady increase in the glucose (tracee) concentration implies significant re-entry of tracer ([6,6-2 H 2 ]glucose) into the circulation through glycogen cycling. However, although our data imply tracer recycling occurring overnight, it does not prove it. To do so, ideally, would require monitoring of tracer incorporation into intermediary metabolites (e.g., glucose-1-phosphate or pyruvate).
Hepatic glycogen content is also a potential determinant of overnight EGP. None of the subjects developed hypoglycemia (plasma glucose concentrations < 70 mg/dL) during the study protocol, hence minimizing possible confounding due to unequal glycogen stores related to accelerated glycogenolysis pertaining to hypoglycemia. Furthermore, the equivalent changes in plasma glucose concentrations together with a lack of difference in the slopes of plasma glucose profiles between 12 a.m. and 7 a.m. during both nights imply consistency of nocturnal glucose turnover, at least in this study cohort.
Changes in prevailing hormone concentrations could also potentially affect glucose cycling in humans. [29] [30] [31] [32] In an elegant series of experiments in healthy subjects, 33 glucose cycling increased with increasing glucagon concentrations, but this increase was inhibited when insulin concentrations were also permitted to rise. However, the plasma glucagon concentrations that augmented glucose cycling were approximately three-to ninefold higher than that observed in the current study, although part of the differences in glucagon concentrations could be related to changes in glucagon assay over time. During Night 1, there were slight but significant changes, in opposite directions, in insulin and glucagon concentrations between 3 a.m. and 7 a.m. that could have, at least in part, contributed to the rising glucose levels and rates of EGP. However, during Night 2, there was a similar rise in glucose concentrations between 3 a.m. and 7 a.m., without accompanying changes to insulin or glucagon levels during this time.
In contrast, cortisol concentrations rose during this period in both nights. It is interesting that in a study in healthy humans, high-dose, short-term dexamethasone administration increased glucose cycling without changing EGP. 34 Although plasma corticosteroid concentrations were not measured in that study, the high-dose dexamethasone used (3 mg twice a day) likely would have raised plasma corticosteroid concentrations much more than the physiological rise in nocturnal plasma cortisol concentrations observed in this study. Additionally, the temporal profiles (slope) of cortisol concentrations were similar during both nights, thus minimizing confounding in interpretation of glucose kinetics between nights. The relationship between the physiological nocturnal rises in cortisol concentrations and glucose kinetics in T1D is controversial. In an elegant series of experiments, Dinneen et al. 35 described that the nocturnal physiological rise in cortisol reduced postprandial glucose uptake and increased postprandial glucose appearance after breakfast in a cohort of T1D subjects. In other T1D studies, 36, 37 using the Biostator, overnight cortisol blockade with metyrapone or suppression of pituitary-adrenal axis with dexamethasone did not alter insulin requirements in the early morning. However, none of the above studies measured glucose turnover throughout the night, and they infused insulin intravenously to maintain euglycemia in the overnight period.
Like all studies, our study also has limitations. These data imply, but do not definitively prove, the presence of tracer recycling in the overnight fasted state because we did not monitor tracer enrichments in intermediary metabolites of glycogen and/or glucose as alluded to earlier. We suspected confounding due to tracer recycling on analyzing the EGP data obtained with [6, H 2 ]glucose. In order to accurately estimate EGP at regular 2-3-h intervals throughout the night, we would have ideally had to sequentially infuse at least one or two additional glucose tracers while monitoring for tracer enrichments in the intermediary metabolites. Such studies will need to be performed to elucidate this further. Additionally, we examined nocturnal glucose metabolism over only two consecutive nights. However, a recent longer-term study 38 demonstrated that the median occurrence of the dawn phenomenon was 56% of the nights over an 8-month observational period. Further investigations are therefore necessary to determine factors (e.g., antecedent daytime glucose control) that could better predict nocturnal rise in glucose concentrations in T1D.
To summarize, we have demonstrated that in reasonably well-controlled patients with uncomplicated T1D on CSII, there is a gradual, consistent, and continuous rise in glucose concentrations throughout the night that is related to increasing rates of EGP and appears to be correlated, at least in part, to rising cortisol concentrations. It is also noteworthy that the glucose rise was gradual and continuous without any abrupt changes in nocturnal glucose concentrations, thereby suggesting that the term "dawn phenomenon" may need to be rephrased. The effect size of the nocturnal rise in glucose concentrations is nontrivial and was comparable between the two consecutive nights examined. Hence, closed-loop control algorithms and open-loop therapeutic strategies would need to account for these changes from night to night to effectively manage patients with T1D. The Food and Drug Administrationapproved T1D simulator may need to be refined to accommodate the effect size of the nocturnal rise in glucose concentrations.
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